Trophinin is a membrane protein that mediates apical cell adhesion between trophoblastic cells and luminal epithelial cells of the endometrium and is implicated in the initial attachment during the process of human embryo implantation. The present study identified novel trophinin gene transcripts, which encode proteins structurally distinct from trophinin protein in the mouse. We designated these proteins "magphinins," because they share consensus amino acid sequences with MAGE (melanoma-associated antigen) superfamily proteins. Among many MAGE proteins, magphinins are closely related to NRAGE, which mediates p75 neurotrophin receptor-dependent apoptosis, and necdin, which is a strong suppressor of cell proliferation in post-mitotic neurons. There are three major forms of magphinins, i.e. magphinin-␣, -␤, and -␥, in the mouse, which are formed due to alternative usage of different exons. Northern blot analysis revealed that magphinins are expressed in brain, ovary, testis, and epididymis. In addition, Western blot analysis and in vitro translation experiments showed that magphinins expressed in the mouse ovary and testis are translation products utilizing the second initiation AUG codon and contain an active nuclear localization signal. Ectopic expression of magphinins in mammalian cells resulted in nuclear localization of magphinin and suppressed cell proliferation. Immunohistochemistry of the mouse ovary and testis showed that magphinin proteins are distributed in the cytoplasm of the male and female germ cells, whereas these proteins are translocated to the nucleus at a specific stage of gametogenesis. These results strongly suggest that magphinins regulate cell proliferation during gametogenesis in the mouse.
Mammals retain distinctions with regard to the strategies used to protect and nourish their offspring during development, namely by the process of embryo implantation and placentation. The process of implantation varies markedly between species (1) , and genes involved in this process display remarkably high spontaneous mutational rates (2) , suggesting a strong adaptive selection pressure. The study of human embryo implantation at the molecular level is hampered by the fact that in vivo studies with an implanting embryo in place are difficult to perform and are generally considered ethically unacceptable. To overcome this problem, we established an in vitro cell culture system using two human cell lines, trophoblastic teratocarcinoma HT-H and endometrial adenocarcinoma SNG-M. These two cell types adhered with each other at their respective apical cell membranes and exhibited morphologies resembling the cells at the initial adhesion steps of embryo implantation (3, 4) .
Using this model system, we identified a unique protein, trophinin, by means of expression cloning. Thus a mammalian expression cDNA library constructed from HT-H cells was transfected into COS cells, and COS cells that became adhesive to SNG-M cells were selected. When COS cells acquired trophinin and trophinin-associated cytoplasmic proteins, tastin and bystin, COS cells adhered to SNG-M (3) (4) (5) .
Human trophinin is an intrinsic plasma membrane protein, and more than 90% of the trophinin polypeptide consists of tandem decapeptide repeats, which may be a key structural element mediating homophilic interactions between trophininexpressing cells. The N terminus of human trophinin is predicted to be cytoplasmic and interacts with cytoplasmic proteins, bystin and tastin (3, 4) . Trophinin is strongly expressed on the plasma membrane of trophectoderm cells of Rhesus monkey blastocysts, particularly in those cells located at the embryonic pole where the initial adhesion to the endometrium takes place (3) . In human placenta, high levels of trophinin transcripts and proteins have been detected in the trophoblasts and the endometrial glandular epithelial cells at the uteroplacental interface during early pregnancy (6) . Minimal trophinin expression has been observed in other tissues. Based on these findings, it has been proposed that trophinin may mediate the initial adhesion of the blastocyst to the endometrium during implantation of human embryos (3) .
During the course of our study of the mouse trophinin gene, we found that the upstream region of the trophinin gene is transcribed in several alternatively spliced forms. Surprisingly, these alternatively spliced transcripts were translated into proteins structurally distinct from trophinin. Domains of these proteins exhibited significant homology to MAGE (melanoma-associated antigen) 1 superfamily proteins (7, 8) , particularly to NRAGE (9) , necdin (10, 11) , MAGE-D (12) , and MAGE-D1/Dlxin-1 (13, 14) . We designated the novel MAGE proteins encoded by the trophinin gene "magphinins" (GenBank TM accession number AB017108). 2, 3 Necdin is a neuron-specific growth suppressor and binds to a cellular transcription factor, E2F-1 (E2 promoter binding factor-1), which regulates the expression of the cell-cycle-specific genes (11, 15) . The necdin gene knock-out mouse showed early post-natal lethality and phenotypes associated with PraderWilli syndrome, a neurobehavioral disorder, under a limited genetic background (16, 17) . NRAGE, which was identified from a neural crest-derived cDNA library, binds to the p75 neurotrophin receptor, arrests cell proliferation, and induces the p75 neurotrophin receptor-dependent apoptosis in sympathetic neuronal precursor cells (9) . Dlxin-1, a mouse orthologue of MAGE-D1, has been identified as a Dlx5-binding protein, and regulates transcription mediated by Dlx/Msx homeodomain proteins (14) . However, common features of other MAGE superfamily proteins are that they are expressed specifically in tumor cells derived from various tissues and in the testis (12) . In particular, the MAGE proteins are found in both the nucleus and cytoplasm of male germ cells (8, 18) . In mice, the Mage-a and -b genes are expressed in the testis as well as in blastocyst stage embryos (12, 19) .
The present study identified five alternatively spliced variants of mouse trophinin gene products. All of the transcripts encode the MAGE homology domain. Newly identified magphinin transcripts lack most of trophinin's coding region. In contrast, trophinin protein lacks the MAGE domain by translating from a downstream AUG codon. Thus the trophinin gene appears to produce two distinct sets of proteins, trophinin and magphinins. Ectopic expression of magphinins in mammalian cells results in nuclear localization of magphinins and remarkably arrests cell proliferation. In this study, we show that magphinin proteins were found in the male and female germ cells and that they enter the nucleus at a specific stage of gametogenesis, suggesting that magphinins regulate cell proliferation during gametogenesis. Thus the present report describes an intriguing nature of the trophinin gene, i.e. its production of trophinin and magphinin, and each appears to play a unique respective role in mammalian reproduction.
MATERIALS AND METHODS

Identification of Mouse Trophinin Genomic Clones-
The mouse trophinin genomic clone was isolated from a phage library (Stratagene, La Jolla, CA) constructed from the mouse 129/SvJ strain using the human trophinin cDNA as a probe. Phage DNA from a positive clone was digested with BamHI, HindIII, or XhoI, subcloned into the pBluescript vector (Stratagene), and sequenced. A BAC genomic clone encoding the 5Ј-region of the mouse trophinin/magphinin gene was obtained using PCR screening. The sequences of the primers used for this screening are: forward, 5Ј-AGACCAGACAAAGATCCCAA-3Ј (F267), and reverse,
5Ј-ATGAGGAGACCCAGCTTAGG-3Ј (R503).
Northern Blot Analysis-Poly(A) ϩ RNA was purified from total RNA extracted from various organs of adult mouse (ICR strain, 12 weeks old), using oligo(dT) latex beads (Nihon Roche, Tokyo). RNA was electrophoresed on a 1% agarose gel containing 6% formaldehyde and blotted onto a Hybond-N ϩ membrane (Amersham Pharmacia Biotech, UK). RNA blots were fixed onto the membrane by UV irradiation and hybridized with 32 P-labeled trophinin and magphinin probes (see Fig.  1A ) in 50% formamide hybridization buffer at 42°C for 20 h. The membranes were washed twice with 2ϫ SSC containing 0.1% SDS at room temperature for 10 min, 0.5ϫ SSC containing 0.2% SDS at 60°C for 20 min, 0.2ϫ SSC containing 0.1% SDS at 60°C, and were exposed to x-ray film with an intensifying screen at Ϫ80°C for 12 h.
5Ј-RACE of Mouse Trophinin Transcript-Poly(A)
ϩ RNA was purified from total RNA isolated from a whole adult mouse brain. RACE reactions were carried out on the isolated poly(A) ϩ RNA using the 5Ј-RACE system (Life Technologies, Inc., Gaithersburg, MD). The reverse transcriptase reaction was carried out using the specific primer: 5Ј-TAATACCAGCACCATCA-3Ј (GSP1)
The dC-tailed cDNAs were subjected to serial PCR using the following specific primers: GSP2 (first PCR), 5Ј-CTGGTAGTAGCTCT-TGGTTG-3Ј, and GSP3 (nested PCR), 5Ј-CTGCATTTTCTTGGGCTCGG-3Ј.
PCR products, purified by agarose gel electrophoresis, were subcloned into pBluescript KS Ϫ vector (Stratagene), and sequenced. Determination of the Transcriptional Initiation Site of Mouse Trophinin Gene-The mouse brain Cap site cDNA dT (Nippon Gene, Toyama, Japan) was subjected to serial PCR using the following specific reverse primers; TGP1 (first PCR), 5Ј-CCTGACTGATCTGGGTGAAC-3Ј, and TGP2 (nested PCR), 5Ј-GTCCTTTTCTGTGGTCTCCG-3Ј. The PCR products were subcloned and sequenced as described above.
Preparation of Anti-mouse Magphinin Antibodies-The antibody against the MAGE domain of magphinin, MGPM, was raised by immunizing rabbits with a synthetic peptide, WGRRLPPPRDVAILQER-ANKLC (amino acid residues from 569 to 589 of magphinin-␣, except for the cysteine residue added for conjugation) conjugated to keyhole limpet hemocyanin (Polyscience, Warrenton, PA). The antibody against the N-terminal region of magphinin, MGPN, was raised by immunizing rabbits with a synthetic peptide, CVQSETTEKDPPIASRSKKN (amino acid residues from 32 to 50 of magphinin-␣, except for the cysteine residue added for conjugation). Polyclonal anti-mouse trophinin antibody was described previously (20) . IgG was purified from anti-sera using a protein A-Sepharose column (Sigma Chemical Co., St. Louis, MO).
Western Blot Analysis-The mouse brain and spleen tissues were extracted in 3 volumes of 1ϫ Laemmli SDS-PAGE sample buffer containing a mixture of proteinase inhibitors (Sigma). Cytoplasmic proteins were extracted from murine adult brain, ovary, testis, and epididymis by using NE-PER nuclear and cytoplasmic extraction reagents (Pierce, Rockford, IL). Each sample of these tissues was combined with a 2ϫ SDS sample buffer, and proteins were resolved by SDS-PAGE. Proteins were electrotransferred to a nitrocellulose filter as described previously (20) . The filters were treated with a blocking solution (1% skimmed milk in PBS, pH 7.4, containing 0.02% Tween 20) , and were reacted with anti-mouse trophinin antibody or anti-magphinin antibodies (either MGPM or MGPN, see above) for 2 h at room temperature. After washing with PBS, the filter was incubated with horseradish peroxidase-conjugated donkey anti-rabbit IgG antibody. Immunoreactive bands were visualized using the chemiluminescent ECLplus reagent (Amersham Pharmacia Biotech, Piscataway, NJ), and then exposures of the filter were made to BioMax x-ray film (Kodak).
In Vitro Translation-Magphinin cDNA was subcloned into the pcDNA3.1 plasmid vector (Invitrogen, Carlsbad, CA). In vitro translation of cDNA was carried out in rabbit reticulocyte lysates (TnT-coupled reticulocyte lysate systems; Promega, Madison, WI) using T7 RNA polymerase in the presence of [ 35 S]methionine. The lysates were separated by SDS-polyacrylamide gel electrophoresis, and reaction products were visualized by fluorography.
Immunoprecipitation-Ten microliters of in vitro translation reaction mixture, as described above, was diluted with 620 l of PBS and then added with 30 l of polyclonal (rabbit) anti-magphinin antibodies MGPM or MGPN. After incubation at 4°C for 6 h, 45 l of protein G-Sepharose beads (Amersham Pharmacia Biotech) were added to the reaction mixture and incubated further at 4°C for 20 h on a rotating device. Immunoprecipitates were collected by centrifugation, and the pellets were washed twice with radioimmune precipitation buffer and further with PBS. The beads were resuspended in 40 l of 1ϫ electrophoresis sample buffer and boiled for 3 min. The 35 S-labeled and immunoprecipitated proteins were separated on a 10% SDS-polyacryl- 1 The abbreviations used are: MAGE, melanoma-associated antigen; E2F-1, E2 promoter binding factor-1; RACE, rapid amplification of cDNA ends; PAGE, polyacrylamide gel electrophoresis; PBS, phosphate-buffered saline; HA, hemagglutinin; BrdUrd, 5-bromo-2Ј-deoxyuridine; TRO, trophinin; bp, base pair(s); kb, kilobase(s); RT-PCR, reverse transcription-polymerase chain reaction; MGPN, antibody against the N-terminal region of magphinin, MGPM, antibody against the MAGE domain of magphinin; NLS, nuclear localization signal. 2 Saburi et al., unpublished data. 3 The sequences of mRNAs are available from GenBank TM under accession numbers AF331848 (mouse trophinin genomic DNA), AF241244 (mouse trophinin mRNA), AF241245 (mouse magphinin-␣ mRNA), AF288605 (mouse magphinin-␤ mRNA), and AF288606 (mouse magphinin-␥ mRNA). amide gel and visualized by fluorography.
Constructions of Mammalian Expression Vectors for HA-and Mycepitope-tagged Magphinin-␣ and ⌬N-magphinin-␣-DNA sequence for Myc-epitope was amplified by PCR using a forward primer, TTTG-GATCCGAACAGAAACTGATCTCT (BamHI site underlined), and a reverse primer, GATTTAGTCTAGACTATAG (XbaI site underlined), and, after the restriction enzyme digestion, the PCR product was subcloned into a mammalian expression vector pcDNA3.1 (Invitrogen) at the BamHI site and XbaI site (pcDNA3.1-Myc vector). The DNA sequence for the HA-epitope was amplified by PCR using a forward primer, TGAGTAAGCTTGCCATGTACCCTTATGATGTG (HindIII site underlined; initiation AUG codon italic), and a reverse primer, CGGC-CGAATTCGGGAGAGGCATAATCTGG (EcoRI site underlined), and, after the restriction enzyme digestion, the PCR product was subcloned into a mammalian expression vector pcDNA3.1 (Invitrogen) at the HindIII site and EcoRI site (pcDNA3.1-HA vector). The DNA sequences for full-length magphinin-␣ cDNAs were amplified by PCR using a forward primer, AGCCTGAATTCAAGATGGATAGAAGAAATGACC (EcoRI site underlined), and a reverse primer, TCTGGATCCGCCGTA-AGGGAAGCCACAG (BamHI site underlined). After the restriction enzyme digestion, the DNA fragment encoding the full-length magphinin-␣ cDNA was inserted in-frame into the pcDNA3.1-Myc vector at the 5Ј-end of the coding sequence of Myc-epitope (magphinin-␣-Myc). The EcoRI-XbaI fragment, including the C-terminal Myc-tagged magphinin-␣ cDNA, was digested out from the magphinin-␣-Myc construct vector and then inserted in-frame into the pcDNA3.1-HA vector at the 3Ј-end of the coding sequence of HA-epitope (HA-magphinin-␣-Myc). An expression vector for ⌬N-magphinin-␣, an N-terminal region-truncated magphinin-␣, was constructed as follows. DNA sequences for ⌬N-magphinin-␣ cDNAs were amplified by PCR using a forward primer, CCAA-GAAAGCTTCTACGGC (HindIII site underlined), and a reverse primer, TCTGGATCCGCCGTAAGGGAAGCCACAG (BamHI site underlined). After the restriction enzyme digestion, the DNA fragment was inserted in-frame into the pcDNA3.1-Myc vector at the 5Ј-end of the coding sequence of the Myc-epitope (⌬N-magphinin-␣-Myc).
BrdUrd Incorporation Assay-The cell cycle was synchronized by incubating cells for 20 h in medium containing 2.5 mM thymidine (Sigma). The cells were then cultured in a medium without thymidine for 10 h. Hydroxyurea (Sigma) was added into the medium at a final concentration of 1.0 mM, and the cells were cultured for an additional 16 h (21). After washing with PBS, cells were incubated for 1 h in a medium containing 5-bromo-2Ј-deoxyuridine (BrdUrd). The cells incorporated with BrdUrd were detected by immunocytochemistry using monoclonal (mouse IgG) anti-BrdUrd antibody (Roche Molecular Biochemicals) and fluorescein isothiocyanate-conjugated goat anti-mouse IgG antibody under a fluorescence microscope.
Colony Formation Assay-Saos-2 cells were separately transfected with the following plasmid vectors constructed in pcDNA3.1. Thus, each pcDNA3.1 vector contained the cDNA insert for magphinin-␣, magphinin-␤, magphinin-␥, ⌬N-magphinin-␣, ⌬N-magphinin-␤, ⌬N-magphinin-␤ ⌬22 , and ⌬N-magphinin-␥. The vectors having necdin cDNA was used as a positive control, and that without an insert was used as a negative control. For each transfection 1 g of plasmid DNA was used per each 35-mm dish using the LipofectAMINE Plus reagent. Twentyfour hours after transfection, cells were transferred to a 10-cm dish. Because pcDNA3.1 contains a neomycin-resistant gene, G418 was added into the culture medium at a final concentration of 500 g/ml 48 h after transfection, and the cells were cultured for 14 days. To visualize each colony, cells were fixed with 10% acetic acid/10% methanol at room temperature for 15 min and stained with 0.4% crystal violet dissolved in 20% ethanol.
Immunocytochemistry-The GC1spg cell line established from murine type B spermatogonia and primary spermatocytes, using the SV40 large T antigen (22) , was kindly provided by Dr. J. L. Millan of the Burnham Institute. GC1spg cells were transfected with pcDNA3.1 containing either HA-magphinin-␣-Myc or ⌬N-magphinin-␣-Myc cDNA using LipofectAMINE Plus reagent (Life Technologies, Inc.). Forty-eight hours after transfection, cells were fixed with 1% paraformaldehyde, permeabilized with 0.2% Triton X-100 in PBS, and treated with polyclonal (rabbit) anti-HA antibodies (BAbCO, Richmond, CA) or monoclonal anti-Myc antibody (9E10; mouse IgG, American Type Culture Collection, Manassas, VA). Fluorescein isothiocyanate-conjugated goat anti-mouse IgG antibody (Organon Teknika Corp., Durham, NC) and rhodamine-conjugated goat anti-rabbit IgG antibody (Accurate Chemical & Scientific Corp., Westbury, NY) were used as secondary antibodies. For immunohistochemistry, paraffin sections of murine ovary and testis were obtained from Novagen (Madison, WI). Immunostaining was performed using rabbit polyclonal anti-trophinin (TRO) or anti-magphinin (MGPM) antibodies using an ABC kit (Vector Laboratories). Counterstaining was performed using hematoxylin or methyl green.
In Situ Hybridization-A 706-bp EcoRI fragment (1605-2311 of trophinin/magphinin cDNA) was subcloned into the EcoRI site of the pGEM-3Z plasmid vector (Promega). The plasmid DNA was linearized by digesting with HindIII for an antisense probe or with NotI for a sense probe. A digoxigenin-labeled sense or antisense cRNA probe was prepared using digoxigenin RNA labeling kit (Roche Molecular Biochemicals, Indianapolis, IN), and in situ hybridization was performed as described previously (6) .
RESULTS
Identification of Alternatively Spliced Trophinin
Transcripts-Sequencing of genomic clones of the murine trophinin gene established that the entire gene spans about 13.6 kb (Fig.  1A) . The 5Ј terminus ends at an undefined expressed sequence tag cluster and the 3Ј-end terminates at the 6-phosphofructo-2-kinase pseudogene. Sequences encoding a protein homologous to human trophinin were found near the 3Ј-region of mouse trophinin gene as an open reading frame contained on a large exon followed by a short intron and the 3Ј-untranslated region, including a poly(A) signal.
In parallel to this genomic sequencing analysis, RT-PCR using poly(A) ϩ RNA isolated from mouse ovulated oocytes identified a cDNA containing sequences upstream of the previously known trophinin sequences. 4 (This cDNA was designated as magphinin-␣ (Fig. 1A) .)
When we searched the data base using magphinin-␣ sequences, we detected additional sequences overlapping with magphinin-␣. Sequencing of several expressed sequence tag clones, RT-PCR using primers A and B (Fig. 1A) , 5Ј-RACE of the RT-PCR products, and screening of a brain cap site cDNA dT library (see "Materials and Methods") established five transcripts for full-length trophinin and magphinins ␣, ␤, ␤ ⌬22 and ␥, as summarized in Fig. 1A .
These results indicate that the trophinin gene belongs to the MAGE gene family (7, 8) . Previously we identified trophinin by expression cloning based on cell adhesion activity (3). In the light of present results, previously reported trophinin cDNA is a partial mRNA sequence, representing exons 12 and 13 (Fig.  1A ). However, as described below, trophinin protein expressed in vivo appears to be initiated from AUG in exon 12, which may explain why the originally identified trophinin cDNA was derived from the 3Ј-region, exons 12 and 13, of this gene.
Magphinin mRNAs Are Expressed in the Male and Female Reproductive Organs-The existence of novel magphinin/trophinin transcripts prompted us to re-examine the expression of the trophinin gene in the mouse. Northern blot analysis with probe-1 specific to trophinin (Fig. 1A) detected a 6.5-kb species in the cerebrum, cerebellum, ovary, uterus, testis, and epididymis (Fig. 1B, left) . Re-probing the same blot with probe-2 specific to both magphinin and trophinin (Fig. 1A) , yielded three signals of 6.5, 3.2, and 2.7 kb, roughly corresponding in size to trophinin, magphinin-␣, and magphinin-␤/␥ mRNAs, respectively (Fig. 1B, right) . These results indicate that both mRNAs encoding magphinin and trophinin are expressed in the brain and that magphinin transcripts are expressed particularly in the male and female reproductive organs in the mouse.
Translation of Mouse Magphinin mRNAs Is Initiated from Downstream AUG Codon-The above results indicate that the trophinin gene could produce at least five translation products depending on how mRNA splicing occurs. As shown in Fig. 1A , full-length, 6.5-kb trophinin mRNA contains an open reading frame encoding a 196-kDa protein (Fig. 1B) . However, a previous study showed that trophinin protein expressed in the mouse uterus is 110 kDa (20) . Western blot analysis of mouse brain extract showed an intense 110-kDa band for trophinin but not a 196-kDa band (Fig. 2B) . No fragments reactive with anti-magphinin antibodies were detected in the brain extract (Fig. 2C) . These results exclude the possibility that the 110-kDa protein is derived from proteolytic fragmentation of 196-kDa protein and suggest that the 110-kDa trophinin protein was produced by initiation from a downstream AUG codon (Table I) . These results thus indicate that trophinin protein can be produced by the 3Ј half of the trophinin gene.
The translation product of magphinins, on the other hand, apparently includes the 5Ј half of the trophinin gene. Because alternative translation was predicted for magphinin proteins as is the case for trophinin, we undertook precise analysis of magphinin proteins by Western blotting using two polyclonal antibodies, recognizing the N-terminal region (MGPN) and the MAGE homology domain of magphinin (MGPM), respectively ( Fig. 2A) . The specificity of these antibodies was ascertained by Western blot analysis using protein extracts from magphininpositive and -negative mouse tissues (Figs. 1B and 2C ) and by immunoprecipitation using in vitro translated products from either full-length magphinin cDNAs or N-terminal-truncated magphinin cDNAs (Fig. 2, D and E) .
The deduced molecular masses of full-length magphinin-␣, -␤, and -␥ are 101, 90, and 87 kDa, respectively. However, the MGPM antibody detected an intense 60-kDa band in the testis, a 50-kDa band in the ovary (Fig. 2C, right) , and a faint 90-kDa band in the brain (Fig. 2C, right) . The absence of a smaller fragment reactive to the MGPN with comparative intensity with those detected by MGPM antibody in the testis and ovary strongly suggests that magphinin proteins are not proteolytically cleaved after translation. However, we cannot exclude the possibility that the 60-kDa protein is derived by proteolysis of a larger translation product, because the N-terminal fragment may be degraded rapidly. These results indicate that the 90-, 60-, and 50-kDa bands detected by MGPM antibody (Fig. 2C,  right) lack the N-terminal region of magphinin.
The results described above suggest that the translation of magphinin mRNA is initiated at the AUG codon in exon 3, but not exon 2 (see Fig. 1A ). To examine whether magphinins are produced by translation from a downstream AUG codon as is the case in trophinin, magphinin cDNA with or without the 5Ј-regions were subjected to in vitro transcription and translation analysis. In vitro translation products for each full-length (40) . b The 14th methionine codon of magphinin is the same as the translational initiation site of trophinin.
FIG. 3. Comparison of magphinins to MAGE superfamily proteins.
A, the phylogenetic tree of the MAGE superfamily proteins constructed using the Clustal method (39) . Note that human and mouse magphinins are included in an independent clade of the family, together with necdin, NRAGE, MAGE-D, Dlxin-1, and MAGE-D1. magphinin-␣ and -␤ yielded five faint bands (Fig. 2D, left) . The largest protein products synthesized from magphinin-␣ and -␤ cDNA were of 145 and 120 kDa, respectively (Fig. 2D, left two  lanes) , which apparently correspond to molecular masses of fully translated proteins ( Fig. 2A) . However, the apparent molecular weights of these translation products are larger than those predicted from the amino acid compositions. This is probably due to the fact that magphinins contain many basic amino acid residues. Apparently, larger molecular weights than calculated values were shown in other MAGE proteins (10, (23) (24) (25) (26) .
On the other hand, in vitro translation of each 5Ј-deleted form of magphinin cDNA, lacking the first potential AUG codon, yielded an intense single band at 90 kDa for magphinin-␣, 60 kDa for magphinin-␤, and 50 kDa for magphinin-␥ (Fig. 2D, right three lanes) .
These results strongly suggest that magphinin polypeptides are produced by translation from the downstream AUG codon (Table I) and that the bands with apparent molecular masses of 90, 60, and 50 kDa detected by the MGPM antibody (Fig. 2C,  right) are magphinin-␣ (68.3 kDa), ␤ (57.6 kDa), and ␥ (54.3 kDa), respectively ( Fig. 2A) .
Structural Characteristics of Magphinin Proteins-As shown by the phylogenetic tree of MAGE superfamily proteins (Fig.  3A) , the magphinins are closely related to NRAGE (9), Dlxin-1 (17) , and necdin (10, 11) . The homology region of magphinin to these MAGE proteins spans 270 amino acids (Fig. 3B ). This region of magphinin contains four potential phosphorylation sites for casein kinase II and three for protein kinase C.
Magphinins contain two potential nuclear localization signals (NLSs) (Fig. 2A) . As described below, at least the second NLS can translocate magphinin to the nucleus in vivo. Subcellular Localization of Magphinin-␣-Because the fulllength magphinin-␣ contains two potential NLSs (NLS1 and NLS2, Fig. 1A) , the subcellular localization of full-length magphinin-␣, containing two NLSs, and ⌬N-magphinin-␣, containing only the second NLS, was examined. To do so, full-length magphinin-␣ was tagged with the HA epitope at the N terminus and the Myc epitope at the C terminus (HA-magphinin-␣-Myc; Fig. 4A ). ⌬N-magphinin-␣ was tagged with the Myc epitope at the C terminus (⌬N-magphinin-␣-Myc; Fig. 4A ). When HA-magphinin-␣-Myc was expressed in murine spermatogonia-derived GC1spg cells, the transfected cells showed two types of immunostaining patterns, which are presented in Fig. 4B (a-c and d-f) . For example, both anti-HA and anti-Myc antibodies exhibited weak signals scattered in the perinuclear region (Fig. 4B, a and b) . In other cells, the anti-Myc antibody detected signals localized in the nucleus (Fig. 4B, e) , whereas the anti-HA antibody failed to detect the signal in the same transfectant (Fig. 4B, d ). This finding suggests that a HAmagphinin-␣-Myc containing the N terminus region of magphinin-␣ is distributed in the perinuclear region but it cannot enter the nucleus. Weak immunofluorescence signals for both HA and Myc epitopes imply inefficient translation of the fulllength magphinin-␣, which was also shown by the in vitro translation (Fig. 2D, left) as a result of the usage of sub-optimal initiation ATG.
When ⌬N-magphinin-␣-Myc was expressed in GC1spg cells, the anti-Myc antibody detected a relatively strong signal in the nucleus (Fig. 4B, g) , consistent with the efficient translation of ⌬N-magphinins (Fig. 2D, right) . Interestingly, all of the nuclei expressing ⌬N-magphinin-␣-Myc were smaller than the nuclei of non-transfected cells (Fig. 4B, h) . Furthermore, magphininpositive cells were always seen as single cells 5 days after the transfection (data not shown), suggesting that they did not undergo cell proliferation. These observations suggest that expression of ⌬N-magphinin-␣ blocks cell division of transfected GC1spg cells.
⌬N-magphinins Suppress Cell Proliferation-Because the above results (Fig. 4B, g and h) suggested that expression of ⌬N-magphinin-␣ may promote cell cycle arrest, we further examined the effect of ⌬N-magphinin-␣ expression on cell proliferation using a BrdUrd incorporation assay. GC1spg cells were transiently transfected with a mammalian expression vector for ⌬N-magphinin-␣-Myc, and cell division cycle was blocked by hydroxyurea at the entry into S phase (see "Materials and Methods" for details). Upon removal of hydroxyurea to allow cells to enter S phase, mitotically active cells incorporated BrdUrd into their DNA, which was then detected by immunocytochemistry with an anti-BrdUrd antibody (Fig. 5A) . Untransfected GC1spg cells incorporated BrdUrd (BrdUrd-positive/Myc-negative, 67.7%; n ϭ 200), whereas all of the Mycpositive cells were negative for BrdUrd (BrdUrd-positive/Mycpositive, 0%; n ϭ 50).
Because the GC1spg line was established by immortalizing spermatogenic cells with SV40 T antigen (22), we considered the possibility that ⌬N-magphinin-␣ blocked the cell proliferation by binding to SV40 T antigen. We therefore transfected the human osteosarcoma Saos-2 cell line, which arises by a spontaneous mutation of p53 (27) , with ⌬N-magphinin-␣. Expression of ⌬N-magphinin-␣ in Saos-2 cells inhibited BrdUrd incorporation in an assay similar to that undertaken in GC1spg cells. As seen in GC1spg cells, Myc-positive Saos-2 cells exhibited small nuclei (data not shown). This suggests that ⌬N-magphinin-␣ inhibits cell proliferation in a manner independent of SV40 T antigen.
The regulatory activity of magphinin on cell proliferation was further examined by a colony formation assay. When Saos-2 cells were transfected with necdin cDNA, colony formation by the transfected cells was suppressed (Fig. 5B, top panel,  top row) . However, full-length magphinin-␣, -␤, or -␥ had no effect on colony formation (Fig. 5B, top panel, middle row) . By contrast, ⌬N-magphinin-␣, -␤, and -␥ remarkably suppressed colony formation in Saos-2 cells (Fig. 5B, top panel, bottom  row) . Surprisingly, ⌬N-magphinin-␤ ⌬22 , a minor transcript detected in the testis by RT-PCR (data not shown), stimulated rather than suppressed the colony formation (Fig. 5B, top  panel, bottom row) . Overall, these results indicate that ⌬N-magphinins with an intact MAGE homology domain block cell proliferation in the presence or absence of SV40 T antigen. The result of magphinin-␤ ⌬22 also suggests the possibility that the 22 amino acid residues within the MAGE homology domain (see Fig. 3B ) play a key role in regulating cell proliferation. fected cells was comparable to that found in vivo, we examined the localization of magphinin proteins in the mouse ovary and testis, two organs in which magphinins are strongly expressed (Figs. 1B and 2C, right) . Immunohistochemistry of the mouse ovary with the MGPM antibody showed one or more magphinins localized exclusively in the cytoplasm of the primary oocytes in the primary follicles (types 3a and 3b, according to the classification of ovarian follicles proposed in a previous study (29) ), where granulosa cells were single-layered ( Fig. 6A, b; Sf) .
Magphinins Are Translocated from the Cytoplasm to the Nucleus in Female and Male Germ Cells in Vivo in
As follicles grew and became surrounded by double-layered granulosa cells (type 4), the levels of magphinins increased ( Fig. 6A, a; Df) . The nuclei exhibited weak staining with the MGPM antibody ( Fig. 6A, a; Df) . By the time the follicles reached stage 5b, when granulosa cells are multilayered, cytoplasmic staining of magphinin(s) became weaker, while nuclear staining intensified (Fig. 6A, b ; Mf). Strong intranuclear staining was observed in the oocytes of antral follicles (types 6 -8; not shown).
By contrast, only a low level of trophinin protein was detected in the cytoplasm of all stages of oocytes (Fig. 6A, c and d) . Presently, it is not clear whether or not trophinin is associated with membrane structures in the cytoplasm in these oocytes. Immunohistochemistry of the mouse testis showed one or more magphinins in male germ cells at all stages of spermatogenesis (Fig. 6B, a, b, and c) . In premeiotic germ cells, i.e. spermatogonia and primary spermatocytes, one or more magphinins were found only in the cytoplasm (Fig. 6B, b and c) . When primary spermatocytes differentiated into secondary spermatocytes, magphinin proteins were found both in the nucleus and cytoplasm of male germ cells (Fig. 6B, b and c) .
Anti-trophinin antibody detected trophinin proteins in the germ cells, but the antibody reacted only with the later stage of spermatogenic cells (Fig. 6B, d and e) . In situ hybridization with probe-2 (Fig. 1A ) demonstrated that expression of trophinin/magphinin transcripts was restricted to premeiotic germ cells (Fig. 6B, f) . Because magphinin proteins were detected in the secondary spermatocytes and the round spermatids, and trophinin proteins were detected in the elongated spermatids and mature sperm, it appears that translation of mRNAs synthesized in spermatogonia and primary spermatocytes took place in later stages of spermatogenesis.
These results indicate that magphinins are expressed in both male and female germ cells: Magphinin proteins are found in the cytoplasm of the germ cells in early stages of gametogenesis, whereas they are found in the nucleus at later stages of germ cell differentiation (summarized in Fig. 7 ). As shown above (Fig. 5, A and B) , nuclear localization of magphinin correlates with suppression of cell proliferation in vitro. Nuclear localization of magphinins at specific stages of oogenesis and spermatogenesis suggests that magphinin regulates cell cycle progression in the course of germ cell differentiation in vivo.
DISCUSSION
Magphinins as Novel Members of the MAGE Protein Superfamily-
The present study defined the trophinin gene as a novel MAGE superfamily gene and identified magphinins, which are encoded by trophinin gene, as new members of this family. Magphinins have a significant homology to MAGE-D (13), NRAGE (9), MAGE-D1/Dlxin-1 (17, 28) , and necdin (10, 11, 29) proteins (see Fig. 3, A and B) . MAGE-D1 is localized on chromosome Xp11.23 (28) , near the trophinin TRO locus, Xp11. 22-23 (30) . MAGE-D has also been mapped to the same region (28) . All MAGE superfamily proteins are encoded on a single large exon, except for MAGE-D (18, 28) and the presently described magphinins, in which the respective coding regions are separated into many exons. Remarkably, the intron/exon boundaries of the magphinin-encoding region, particularly in the region encoding the conserved polypeptide sequences in other MAGE superfamily proteins (Fig. 4C) , completely match those of MAGE-D. This evidence suggests that these two genes may have diverged by gene duplication. Lucas et al. (28) suggested that MAGE-D might be the ancestral form of all MAGE superfamily genes and that other MAGE genes may have arisen by retrotransposition of mRNA, which is transcribed from this gene. In both human and mouse, the MAGE superfamily proteins have been characterized as tumor markers (7, 8) . The processes of malignant tumor metastasis are similar to those of trophoblast invasion and proliferation during embryo implantation. Because magphinin-␤ ⌬22 enhanced cell proliferation (Fig. 5B) , it could be possible that magphinin variants can promote trophoblast proliferation during placental formation. It is also possible that MAGE proteins expressed in the tumors affect cell proliferation.
Differential Regulation of Synthesis of Magphinin and Trophinin Proteins-The present study showed that murine magphinin/trophinin proteins expressed in vivo do not contain Nterminal region. The results suggest that they are produced by translation from downstream AUG codons. Alternative splicing or alternative translational initiation has been demonstrated for mRNAs expressed in mammalian germ cells (31) , as exemplified by sex specific alternative splicing of 5Ј exons of Dnmt1 (de novo DNA (cytosine-5) methyltransferase-1) gene during gametogenesis (32) .
The translation of several genes is regulated through the use of an alternative in-frame translational initiation site (33, 34) . Cell synchronization studies demonstrated that an internal ribosome entry site element functions especially at the G 2 /M boundary (35) . According to Pyronnet et al. (36) , the internal ribosome entry site might play an important role in the translation of mRNA encoding short-lived proteins, which are required to be expressed under conditions where 5Ј-cap-dependent translation is not efficient, such as mitosis, apoptosis, or other stress conditions. Based on their expression patterns, both trophinin and magphinins appear to be involved in reproductive processes where cell proliferation, differentiation, and apoptosis take place in a closely interconnected manner.
Suppression of Cell Proliferation by Magphinins-We demonstrated in this study that ectopic expression of ⌬N-magphinins arrests cell proliferation (Fig. 5) . As shown in Fig. 3B , the MAGE homology domain of magphinins and other MAGE superfamily proteins, in particular NRAGE, Dlxin-1, and necdin, are highly homologous to each other. NRAGE and necdin are shown to be strong suppressors of cell proliferation in neuronal cells (9 -11) . The MAGE domain of necdin binds to a cellular transcription factor E2F-1 and represses E2F-1-dependent transcriptional activation (11) . E2F-1 induces the expression of the G 1 cyclins, including cyclins D and E, resulting in the progression of the cell cycle from G 1 to S phase (37, 38) . Because magphinins contain consensus sequences highly homologous to E2F-1 binding domains within the MAGE homology domain (marked as domains A and B in Fig. 3B ), it is possible that magphinins also interact with E2Fs or one or more similar transcription factors to regulate cell cycle progression. The present study also showed that a 22-amino acid sequence, missing in magphinin-␤ ⌬22 , is an integral part of magphinins for induction of a growth arrest in mammalian cells (Fig. 5 B) .
Possible Roles of Magphinins in Gametogenesis-Magphinin enters the nucleus of male germ cells around the time when FIG. 7 . Expression of magphinins during oogenesis and spermatogenesis. Magphinin-␥ is expressed in the ovary (Fig. 2C, right) . At the beginning of oocyte growth, primary oocytes strongly express magphinin, which is gradually distributed to the nucleus as oocytes expand their cytoplasm (Fig. 6A) . In these growing oocytes, it is known that the cell cycle is arrested at the G 2 phase of meiosis I. Because magphinin-␥ suppressed cell proliferation in vitro (Fig. 5B) , it is possible that magphinin-␥ arrests the cell cycle in vivo in the oocyte. Expression and localization of magphinin protein in later stage of oogenesis remain unknown (illustrated by ?). In the mouse testis, magphinin-␤ is abundantly expressed (Fig.  2C, right) . Magphinin proteins are found in the cytoplasm of spermatogonia and primary spermatocytes, whereas they are distributed to both the cytoplasm and nucleus in the secondary spermatocytes and round spermatids (Fig. 6B ). This dual distribution pattern persists until the spermatozoa are finally formed. Because magphinin-␤ suppresses cell proliferation in vitro (Fig. 5B) , it is possible that magphinin-␤ regulates cell cycle progression in vivo during spermatogenesis. meiosis I is completed (Figs. 6B, a-c, and 7) , suggesting a possibility that magphinin suppresses germ cell proliferation during or after meiosis I. Similarly, in female germ cells, magphinins appear to be translocated to the nucleus by the time the oocytes are surrounded by the multilayered follicles when meiosis should be arrested at the G 2 phase (Figs. 6A, b, and 7) .
Expression of mage-b4 during gametogenesis has recently been reported in the mouse (26) . mage-b4 expression is restricted to the cytoplasm of premeiotic male or female germ cells and down-regulated in the male germ cells after their entry into the meiotic phase, suggesting that mage-b4 may be involved in maintaining germ cells in an undifferentiated state (26) . In contrast to the restricted expression pattern of mageb4, magphinins, presumably magphinin-␤ (Fig. 2C, right) , are detectable in male germ cells throughout the entire meiotic stages of spermatogenesis (Fig. 6B, a-c) . However, intracellular distribution of magphinin-␤ changes around the time when meiosis I is completed (Figs. 6B, a-c, and 7) . Thus, although magphinin-␤ is found only in the cytoplasm in premeiotic germ cells, magphinin is found both in the nucleus and in the cytoplasm in secondary spermatocytes. Because the in vitro assay demonstrated that magphinin-␤ arrests cell division when it enters the nucleus (Fig. 5A ), this nuclear translocation in vivo suggests that magphinin-␤ may regulate cell cycle progression in this stage of spermatogenic cells (summarized in Fig. 7) .
Similarly, in female germ cells primary oocytes in singlelayered and double-layered follicles express one or more magphinins (Fig. 6A, b) , presumably magphinin-␥ (Fig. 2C, right) , exclusively in the cytoplasm and not in the nuclei. By the time the oocytes are surrounded by the multilayered follicle, however, expression levels of magphinin proteins increase in the nucleus. More precisely, magphinin-␥ is translocated to the nucleus during the course of oocyte growth when meiosis should be arrested at the G 2 phase. These observations suggest the possibility that magphinin-␥ plays a key role either in the G 2 block during oocyte growth or at the entry of the fully grown oocyte into M phase (summarized in Fig. 7) .
The present study has identified a group of novel proteins, the magphinins, as alternative products of the trophinin gene. We have shown specific expression patterns of magphinins in male and female germ cells, their characteristic subcellular localizations during gametogenesis in vivo, and in vitro activities of magphinins in the induction of growth arrest. Although further studies are needed to fully understand the in vivo role of magphinins, these findings strongly suggest that magphinins are involved in gametogenesis by regulating cell proliferation.
